Vol. 37 , UTILIZATION OF UREA BY RUMINANTS 153 ished significantly. At the lower concentrations inhibition with boric acid was greater than with borax. SUMMARY 1. In the utilization of urea by dairy cattle the first stage is probably the conversion of urea to NH3 in the rumen. Moreover, the urease activity of the rumen ingesta is so great at all times of the day, whatever the time of feeding, and remains so little affected by relatively large apaounts of urea, that all the urea ever likely to be fed, even to a high yielding cow in full lactation, would readily be converted to NH3 within 1 hr. This fact has been confirmed by Wegner, Booth, Bohstedt & Hart [1941] , who found a marked increase in N.P.N. and NH3 in the rumen after a urea meal but were unable to detect urea itself.
The Utilization of Urea in the Bovine Rumen. The urease activity of bovine rumen ingesta has been studied in detail by Pearson & Smith [1943b] who showed that the urease activity of the rumen is sufficient to convert r'apidly to NH3 all the urea ever likely to be included in the diet as a partial substitute for protein. The utilization of urea by the ruminant probably takes place in two stages, first the conversion of urea to NH3 and second the conversion of NH3 to protein. The present section of the work was undertaken to investigate this 2nd stage. Incubations of rumen contents were to be carried out in vitro under a variety of different conditions with and without urea, to obtain as much evidence as possible by chemical analysis either for or against the theory of protein synthesis in the rumen from non-protein N. Samples were to be taken for direct microbiological examination by Mr Frank Baker [Baker, 1942 a, b; 1943] and for plate counts by Dr C. Higginbottom to discover whether the protein synthesis, if it occurred, were accompanied by an increase in the numbers of micro-organisms piesent. carbohydrates, proteins and amino-acids, as well as by substances which might be bf a toxic nature. The present paper is confined to a description of this particular aspect of the work.
METHODS
The method of obtaining samples of rumen liquor and the incubation and analytical proceJures have already been described [Pearson & Smith, 1943 a, b] .
Long-period incubation8. It seemed possible that if any measurable change in N partition took place on incubating rumen contents in vitro, the changes would be more readily detected in fairly long incubations. Hence preliminary incubations with rumen contents were carried out, each lasting several days (Fig. 1) . 900 ml. rumen liquor were incubated with 2-5 g. urea, 12 g. K2HPO4, 10 g. glucose and 0-1 g. FeSO4 for 8 days. Note that xyhile the total N remained constant throughout, the N.P.N. varied considerably. For the first 3-4 days it changed very slightly, but between the 3rd and 7th days it greatly decreased. Assuming that the difference between total N and N.P.N. is proteim N, an assumption which is discussed later, Fig. 1 shows that the amount of protein in the medium changed little at first, but that during the last 5 days it increased substantially. The explanation may be that many micro-organisms in the rumen ingesta ceased to multiply on removal from the rumen and incubation, but that after 3-4 days the strains which had survived and for which the stagnant rumen contents were a suitable medium passed from a stathey formed an appreciable part of the diet of the steer used. 100 g. faeces, 100 g. soil and finally 50 g. bran mixed with 50 g. oats were each suspended in 1 1. water containing urea, phosphate, glucose and FeSO4 in amounts similar to those added to the rumen contents (Fig. 1) To ascertain whether these changes in N.P.N. were associated with the presence of micro-organisms in the rumen contents or were fortuitous changes inherent in the experimental procedure, Mr Frank Baker suggested that parallel experiments be done with bovine faeces, with soil suspensions and also with suspensions of bran and oats in which the bacterial content would be widely diff6rent from that of rumen liquor. Bran and oats were chosen because the beginning of the incubation, whereas with the rumen contents there was an initial lag of 2-3 days. The explana-' tion may be that the bacteria present in the faeces in such large numbers consist of types for which the stagnant faecal suspension is an ideal medium and that the faeces contain few, if any, of those types present in the rumen which die so readily when removed thence and which are very difficult to grow on the usual types of media. It is therefore not surprising that in these prolonged incubations there' is an initial lag period with the rumen liquor but not with the faeces.
The soil suspensions were by no means sterile, for they brought about a marked conversion of urea to NH3 and of NH, to nitrate (Fig. 1) . No change in N.r.N. could, however, be detected. The reason is probably that the number of bacteria found in soil suspensions of this kind is so small compared with the numbers present in the faeces and rumen contents that they could multiply very greatly and utilize NI.P.N. without causing any measurable decrease in the N.P.N. of the medium. These three types of experiment suggest therefore that the chemical changes denoting increase in protein when faeces and rumen ingesta are incubated may be associated with the micro-organisms they each contain. With bran and oats the results were more complex. Fermentation set in early and was accompanied by much frothing and a very foul smell. During the first 6 days fermentation resulted in a considerable decrease in the protein content (Fig. 1) . After that, however, the protein increased again but never attained the original value. This increase at the later stages was possibly due to some strains of bacteria passing from a stationary phase to a phase of more active growth.
Short-period incubations. Samples from the longperiod incubations described above were examined microbiologically by Baker [1942 a, b; 1943] who stated that even after 1 day's incubation great changes had taken place in the microflora and fauna, so that the 'microbiological picture' at the end of 1 day bore little resemblance to that in the initial sample. Experiments were therefore carried out to determine how long samples of rumen contents could be incubated without detectable microbiological change. Samples of rumen ingesta from these experiments were examined by Mr Baker who to resemble closely those of the rumen, synthesis of protein appeared to occur to the extent of about (Fig. 2) . Approximately 1500 ml. rumen liquor were incubated with 0-65 g. urea, 4-5 g. K2HPO4, 0-1 g. FeSO4 and 7-5 g. starch. The pH was controlled when necessary by the addition of a few drops of concentrated Na2CO3 solution. From Fig. 2 (Fig. 3, A) . In two other similar Concentration of NaF (%) Fig. 3 . A, the amount of synthesis or hydrolysis observed with different concentrations of NaF compared with controls incubated in the absence of NaF (first NaF experiment). B, the amount of synthesis or hydrolysis observed after incubation for 4 hr. with different concentrations of NaF (second NaF experiment).
The apparent synthesis observed with rumen contents seems therefore t1o be peculiar' to the rumen ingesta. Synthesis of some protein has always been observed in normal incubations of this type, both with tungstate and the CC13. COOH procedure outlined in a previous paper [Pearson & Smith, 1943a] . From Tables 1 and 2 it will be observed that CC13. COOH gave values for N.P.N. which were 6-13 mg. higher than those obtained by acid sodium tungstate, but nevertheless the amount of protein synthesis estimated by the two methods was of the same order.
When the occurrence of a decrease in N.P.N. in such incubations had been repeatedly confirmed, the question arose whether this was due to protein synthesis or to some other cause. If synthesis were the explanation, questions arose as to whether it was indeed due to micro-organisms, and whether its magnitude was affected by the presence of carbohydrates, proteins and amino-acids.
The microbiological nature of the synthesi.s Proof that the changes in N partition observed on incubation were biological in-origin was first obtained.
Influence of sodium fluoride. The first method of approach was to study the effect of incubating experiments the concentrations of NaF were 0-003, 0-D06, 0-05, 0-3, 0-5 and 0.7 %. The data in Fig. 3 show that protein synthesis was strongly inhibited by as little as 0-01 % NaF, and that with a concentration of 0-1 %, protein synthesis was replaced by hyarolysis. With 1-0% hydrolysis was almost inhibited in the first instance and completely inhibited in the second.
When two 500 ml. portions of the same rumen liquor were incubated for 3 hr. with 1-8 g. starch and 0-3 g. urea, one containing 0-5 % NaCl, the other 0.5% NaF, the results showed that 0-5% NaCI had no effect on the synthesis occurring in the 3 hr., whereas with 0-5 % NaF (Fig. 3) hydrolysis It appears therefore that the change during incubation in the difference between total N and N.P.N. is-the resultant of two different processes, one synthetic, the other hydrolytic, and that both are of microbiological origin. As the concentration of NaF increases, synthesis diminishes and becomes completely masked by hydrolysis. When, however, the concentration of NaF increases above 0-2 or 0-3 % hydrolysis also wanes; ultimately, at a concentration of 1-2 % NaF, the rumen liquor becomes-'fixed'. Influence of quinone. A similar experiment was made with quinone alone and with quinone in the presence of H2S (Table 4) . Synthesis was markedly diminished in the presence of even 0-005 % quinone, and at a concentration of 0-05 % hydrolysis predominated. In the presence of H2S the quinone appeared to lose its toxic properties. This agrees with the behaviour of quinone in the presence of thiol compounds previously recorded for soya bean urease by , and also observed with rumen-urease activity by Pearson & Smith [1943b] .
Influence of boric acid. Two experiments similar to those with NaF and quinone were performed, one with boric acid and the other with borax. Pearson & Smith [1943b] had already shown that a filtrate of this type possessed no urease activity, the N was added in the form of NH4HCO3 and not as urea. In the absence of urease activity noted in previous work it was not surprising that neither synthesis nor hydrolysis was detected in this experiment, which again suggests that the synthetic and hydrolytic processes consistently observed in these incubations are to be associated with the micro-organisms of the rumen. The effect of fractionation by centrifuge. On allowing the rumen liquor to stand for even a very short time, the Protozoa and the larger bacteria tend to sediment. On centrifuging for 5 min. at 1000 r.p.m. this tendency is very marked indeed. The bottom layer consists of a sludge rich in Protozoa and large bacteria which stain blue with iodine [Baker, 1942 a, b; 1943] . An experiment was therefore carried out to see whether the amount of synthesis was greater or less in the top and bottom fractions of the rumen liquor than in the sample of rumen liquor as a whole. At the same time the effect of keeping the rumen liquor and its fractions at approximately 00 for 24 hr. before incubation, was studied. A 3 1. sample of rumen liquor was centrifuged in 250 ml. cups for 5 min. at 1000 r.p.m. The contents of two of the cups were then thoroughly remixed by shaking. One portion of the remixed ingesta was incubated with 1 g. starch and 0-5 g. urea as the control. The other was first kept in the refrigerator for 24 hr. and then treated in the same way. 50 ml. of the liquor at the top and 50 ml. of the sludge at the bottom were then removed from each of the ten remaining centrifuge cups. The top fractions were mixed together and half of the sample incubated immediately with starch and urea, the other half being placed in the refrigerator for 24 hr. before incubation. The bottom fractions were similarly treated. From the results in Table 6 two main facts emerge. First, that From all these experiments it appears that when rumen liquor is incubated with starch and urea at 390 the N metabolism of the system involves both synthetic and hydrolytic processes which probably proceed simultaneously. These processes are microbiological in origin and the equilibrium between them is very readily changed, so that either synthesis or hydrolysis predominates according to the conditions during the incubation. This last point is of great importance in connexion with urea utilization, for if the processes in the rumen at any time are predominantly hydrolytic with NH3 as the endproduct, the utilization, if any, must be due to processes other than the conversion of these substances to protein in the paunch. Factors which might be expected to influence the magnitude of the synthesis and its predominance over hydrolysis were therefore investigated next.
Influence of pH. The pH of the rumen ingesta varies slightly from time to time but it is rarely below 6-3 or above 7-4. In many of the incubations carried out during this work pH determinations have been made, and the values have usually been between 6-3 and 7-4, even after incubation for 3-4 hr. at 39°. No correlation was found between the pH during incubation and the amount of protein synthesis, provided the pH lies roughly between the above limits. Thus three samples of the same rumen liquor were incubated for 5k hr. with 4 g. K2HPO4, 0-1 g. FeSO4, 5 g. glucose, 5 g. starch and approximately 1 g. urea/l., C02 being passed through each flask throughout the incubation period. In the case of the 1st sample (M) the pH was measured at frequent intervals and adjusted by adding the correct amount of a saturated solution of Na2CO3. To the 2nd sample (N) the same amount of Na2CO3 was added at the same times as to M, without previously removing samples to measure the pH. To the 3rd sample (P) 10 g. powdered CaCO3/l. were added initially. Fig. 5 shows that the pH in the first two samples was fairly close to the figure of 7-2 throughout, whereas in the 3rd sample the initial value of 7-2 decreased during the incubation to 6-3. Solid CaCO3 is therefore of little value in maintaining the initial pH. The amount of synthesis in M could not be measured accurately since so many samples were removed to measure the pH before and after adjustment, but the results for N and P show that the amount of synthesis when the pH remained constant did not differ significantly from the amount observed when the pH fell from 7-2 to 6-3.
In the previous papers of this series the great buffering power of the rumen liquor is discussed. In view of this it seemed unnecessary to study the effect on synthesis of hydrogen-ion concentrations outside the normal range of 7-4 to 6-3, particularly Olson [1940] are: CO262%, CH4 15%, N2 18%
and O°1%' In view of the great preponderance of C02 and the low concentration of 02 in these gases, experiments were carried out to find whether the nature of the gas passing through the medium had any influence on the amount of synthesis. One sample of rumen liquor was divided into 6 portions. Three of these were incubated for 3 hr. with 3 g. of starch and 800 mg. urea-N/i. while the other 3 were incubated with starch only. There were thus 3 pairs of samples, one in each pair containing added urea and the other containing no urea. A slow stream of CO2 was passed through the 1st pair, N2 through the 2nd and air through the 3rd. From the results in Table 7 6-8-5-9 + 3-9 6-8-6-3 + 2-1 6-8-6-6 + 2-1 6-8-6-6
6-8-8-7* 6-8-8-7* 6-9-5-9 +4-9 6-9-6-3 +4-6 6-9-6-2 +4-7
6-9-6-1 +7-9 6-9-6-6 +8-2 6-9-6-8 + 5-4
No urea; 0-1 g. K2HPO4/100 g. C02
7-1-6-1 +5-0 * At pH 8-7 NH3 escapes from the medium during the incubation. In estimating the amount of hydrolysis the loss in total nitrogen is therefore allowed for.
that the greatest synthesis was always obtained when CO. was passed slowly through the mediunA, CO2 having the advantage over N2 that in the presence of reasonably small amounts of urea or NH4HCO3 it prevented an unfavourable increase inpH. In Exp. 2 (Table 7) the pH of the sample incubated with C02 with no added urea decreased from 6-9 to 5 9. Hence protein synthesis might have been significantly greater than 4-9 mg. N/100 g had the pH not diminished so far. A 7th incubation was therefore carried out simultaneously in which 0-1 g. K2HPO4/100 g. rumen contents was present. The pH in this instance diminished only to 6-1 but protein synthesis remained unchanged.
Influence of dietary factors on the utilization of 'non-protein nitrogen NH4HCO3 and (NH4)2SO4 as urea substitutes. Because urea is now indispensable to many industries it is less readily available as an animal feeding-I943, about 25 mg. N/100 g. of rumen contents, even immediately after feeding. It is doubtful, therefore, if there would be any detectable difference in the efficiency of the utilization of these three different forms of N. On the basis of the present results, however, preference should be given to urea or NH4HCO3..
Influence of urea concentration. In order to see whether urea concentration had much effect on the amount of protein synthesis a series of incubations was carried out in which 1 large, sample of rumen liquor was divided into 7 equal portions and different amounts of urea added to each. Incubation lasted 3 hr. in a slow current of 002; 3g. starch were added per 1. rumen liquor. Table 9 shows that under these conditions the maximum amount of synthesis is obtained when the added urea-N amounts to 75 or 100 mg./100 g. Below and above these concentrations the amount of synthesis was significantly less. Since urea is so rapidly converted to NH3 in the rumen liquor, these results should be equally true for NH4HCO3. (Table 8) , first, that the amount of synthesis with these particular samples of rumen liqu\or was increased by the addition of N.P.N. and secondly, with NH4HCO3 it was equal to that with urea and greater than that with (NH4)2SO4. It is not clear why sulphate should be less efficient-than bicarbonate in promoting protein synthesis. This difference was, however, only significant in the first instance when a relatively large amount of sulphate was added, but in practice the quantity of (NH4)2SO4 fed to a lactating cow to replace a portion of the dietary protein would be equivalent, if given in two equal portions per day, to only It early became clear that the utilization of w.P.N. by the ruminant may depend on the nature of the diet as a whole, and particularly on whether the entire ration is correctly balanced. If adding Influence of concentration and nature of carbohydrates. Preliminary tests showed that when 3 g. starch/l. were added to the rumen liquor the amount of synthesis was always greater than when rumen liquor was incubated alone. Moreover, when starch was replaced by glycerol synthesis was very restricted in amount and was sometimes replaced by hydrolysis. Typical results for an experiment in which two samples of the same rumen liquor were incubated, one with starch and one with glycerol (both 3-6 g./l.) are shown in Fig. 6 . 2-4 g./l. urea were present and CO2 was passed through the samples during incubation. Whereas with starch protein synthesis was equivalent to 7-4mg. N/100 g., glycerol was responsible for hydrolysis amounting to 3-5 mg. N/100 g. Four separate portions of the same rumen liquor were therefore incubated at one time with different carbohydrates (Exp. 1, Table 10 ). One contained 3 g. starch/l., the 2nd 3 g./l. galactose, the 3rd sucrose and the 4th maltose. Similar comparisons of the influence of starch with that of other carbohydrates were also made. Thus the protein synthesis obtained in every instance could be related to that obtained with starch. Onily the average amounts of synthesis in this first experiment are shown in Table 10 , as the average values are so typical of all the reslts that there is no'necessity to quote the individual values. But for Exps. 2-4 (Table 10) in which 7 incubations were carried out at one time, the individual results are quoted. In all these experiments no urea was included in the diet of the steer, and since in Exp. 1 (Table 10 ) none was added to the rumen liquor, the initial N.P.N. was very low, 4-10 mg. N/100 g. In Exps. 2-4, however, the N.P.N. was much higher, due to the addition of about 100 mg. urea-N/100 g. rumen liquor in each incubation. Presumably the greater amount of synthesis in the three latter experiments was due to this. The results, which confirm the fact that synthesis and hydrolysis are progressing simultaneously, but that synthesis predominates under certain conditions, lead to the following conclusions. (1) That the amount of synthesis depends to some extent on the starch Final pH* 7-0 6-9 6-9 6-9 6-6 6-4 concentration, e.g. in the absence of starch an hydrolysis of'2-0mg. N/100g. was observed, but in its presence synthesis predominated. In Exp. 4 protein synthesis attained a maximum at a starch concentration of 7 or 10 g./l. On the average, however, the synthesis with 7 and 10 g. starch/I. rarely exceeded that obtained with 3 g./l. Below 3 g./l. synthesis decreased significantly. (2) That the amount of synthesis depends on the nature of the carbohydrate added, being always greatest with starch, galactose and maltose; dextrin, glucose, glycerol and lactic acid being all relatively poor stimulants. (3) That with all these substances protein synthesis was much greater with, than without, urea.
Influence of amino-acids and protein8. In this section only preliminary -experiments have been completed. The results are therefore presented tentatively. Rumen liquor was incubated with various amino-acids and proteins. In all instances 3 g. starch/l. were present and CO2 was passed through the medium. The period of incubation was 3 hr. The data for Exp. 1 (Table 11) show that arginine was particularly active in promoting synthesis, whereas tyrosine had little, if any, effect. These results, however, were not confirmed in the two subsequent experiments. Thus histidine appeared to cause a decrease in protein synthesis (Table 11 ) and leucine actually brought about hydrolysis unless urea was present with the aminoacid (Table 12 ). The explanation is not at present clear. Perhaps some amino-acids only promote synthesis in certain samples of rumen liquor or when certain other non-protein nitrogenous constituents are present. Further work may clear this up. Table 12 shows that asparagine causes hydrolysis rather than synthesis. In two other experiments with casein in which different samples of rumen contents were used, hydrolysis was 3-5 and 31-3 mg. N/100 g. compared with synthesis of 7-7 and 10-4 mg. N/100 g. respectively in the controls. protein may depend not only on its amino-acid content but also on whether its presence in the paunch promotes protein synthesis or hydrolysis. Thus with blood meal, which is very insoluble in the rumen liquor and can be seen apparently intact in the rumen ingesta some hours after feeding, synthesis occurred in the in vitro incubations, but with other water-soluble proteins less protein synthesis, and even marked production of NH3, took place. Possibly therefore blood meal, due to its insoluble nature, passes through the rumen practically unaffected and is digested in the small intestine as with non-ruminant animals, whereas other more soluble forms of protein may be broken down slightly but significantly to NH3 as they pass through the rumen. To what extent a protein is broken down to NH3 may partly depend on the nature and amount of the non-protein nitrogenous substances present at the time. Thus in the presence of leucine only (Table 11 ) slight hydrolysis to NH3 took place, but when urea was also present synthesis predominated. Note that these suggestions are based on only one experiment and that they therefore require confirmation. Nevertheless such indications did appear from time to time. The value of N.P.N. to the ruminant may therefore be, that though it can be utilized for protein synthesis, under certain conditions it also diminishes protein breakdown. 2. During a 2-4 hr. incubation, when the microbiology appeared to be practically unaltered, the N.P.N. of the medium diminished while the total N remained unchanged, which suggests that synthesis of protein took place. 3. The amount of synthesis occurring in a hr. in the presence of 0-3 g. starch/100 g. rumen liquor was usually equivalent to about 8 mg. N/100 g. rumen liquor. If this rate were maintained for 24 hr. in the inact rumen there should be protein synthesis equivalent to 72 g. N or 450 g. protein.
4. That the synthesis is microbiological in nature has been shown by experiments with NaF, quinone and boric acid, and by incubations at different temperatures.
5. Relative amounts of synthesis in the presence of various carbohydrates have been studied. Starch appears to have the most stimulating effect.
6. Similar but preliminary experiments have been carried out with proteins and amino-acids.
7. Protein synthesis occurring during the incubation of rumen liquor is accompanied by protein breakdown. Either process may predominate ac-163 VoI. 37
